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============

Zirconia is a silica-free ceramic, which is commonly used in dentistry, due to its natural appearance and superb properties such as low thermal conduction, biocompatibility, chemical stability, translucency, fluorescence and thermal expansion similar to the tooth structure.\[[@ref1]-[@ref3]\] To achieve a bond with zirconia which has high hardness and crystallinity, different techniques have been proposed to prepare the zirconia surface in order to create micromechanical retentive areas and surface roughness and increase the bond strength between the ceramic and resin cement.\[[@ref4]-[@ref6]\]

To achieve a strong bond, one of the most commonly used and effective techniques is air abrasion with aluminum oxide particles.\[[@ref7]-[@ref9]\] Another commonly used technique for preparation of ceramic surfaces is the application of different primers regarding their ease of application and reasonable cost and moreover, no special tools are required for their application. Primers containing 10-methacryloxydecyl dihydrogen phosphate (MDP) and phosphate monomers are primers that improve the bond strength to zirconia.\[[@ref10]-[@ref12]\] Several studies by Tanis *et al*.\[[@ref9]\] Shine *et al*.,\[[@ref13]\] Wang *et al*.\[[@ref14]\] and Ahn and Young\[[@ref10]\] reported that the combined use of MPD primer and air- abrasion improved the bond strength of zirconia ceramic. In addition, based on the findings of a systematic review by Tzanakakis *et al*.,\[[@ref5]\] it was concluded that the air abrasion was mandatory for durable resin bonding to zirconia ceramic and the adhesive monomers are necessary for chemical bonding.

Recently, a new group of adhesives, referred to as multi-mode universal adhesives, have been marketed, which are used with both self-etch and etch-and-rinse adhesives.\[[@ref15]\] Since the conventional and commonly used systems require several steps, use of universal adhesives simplifies the preparation of the surface of restorations and teeth, saving time. Some studies have mentioned that these universal bonding agents not only can form a favorable bond with tooth structures, but also they can bond to other substrates such as resins, metals and other indirect restorations, including zirconia ceramics and lithium disilicate.\[[@ref16]-[@ref18]\] In addition, it is stated that the universal adhesives contain a new type of MDP. The multi-mode universal adhesives are used for strong and durable adhesion to silica-based ceramics such as feldspathic porcelains and glass ceramics; they are also used frequently for high-strength ceramics restorations.\[[@ref18]-[@ref19]\] These universal adhesives increase the bond strength of ceramics that can be etched (glass-containing) and those that cannot be etched (glass-free).\[[@ref14],[@ref20]\] A number of researchers have evaluated the effects of universal adhesives on the bond strength of ceramics, especially that of zirconia. However, there is still insufficient data available on the effects of these adhesives.

Composite resins can be used to restore the large defected vital or nonvital teeth and can be used as a base for crown or bridge restorations such as zirconia .The bond strength between composite core-resin cement and resin cement-zirconia affects the long-term clinical success of the ceramic restoration.\[[@ref20]\] Various factors affect the bonding of the composite restorations including surface roughness, cement type, type of composite resin, and time after repairing.\[[@ref2],[@ref21]\] Since the morphology, size and the amount of filler particle play a role in the final properties of composite restorations; nanofilled composite resins were introduced with higher filler content and a filler size of 0.1‒100 µm, which resulted in an improvement in the properties of composite restorations, including resistance to abrasion, diametral tensile strength, and microhardness.\[[@ref22]-[@ref23]\] The nanofilled composite restorations have a unique nature that is attributed to their mechanical strength which is similar to that of microhybrid composite resins and their smooth surface similar to that of microfilled composite resins during their clinical service.\[[@ref23]-[@ref24]\] It has been recommended to use nanofilled composites for both anterior and posterior restorations.\[[@ref23]\]

Several important factors, including the bond strength between the resin core‒resin cement and ceramic, the cementation technique, cement type and the surface characteristics of ceramics, including zirconia, play a role in the long-term success of ceramic restorations in the clinic.\[[@ref25]-[@ref26]\] A high bond strength between zirconia and resin cement results in better marginal adaptation, retention and high resistance to fracture. In previous studies, the effects of different primers, the type of cement, the cementation technique, and the surface characteristics of zirconia on bond strength have been evaluated. However, no data is available on the effect of changes in zirconia surface with the use of different primers on the bond strength between resin cement and nanofilled composite resin cores. In the present study, the effects of two types of primer, universal and conventional, containing MDP, were evaluated on the bond strength of zirconia ceramics.

Materials and Method {#sec1-2}
====================

In the present study, zirconia ceramics (DDcube X2, Dental Direct Materials, Germany) were used. The imes-icore (CORiTEC340i, Germany) device was used to cut ceramic blocks into disc shapes measuring 6mm in diameter and 2mm in thickness.\[[@ref27]\] All of the 30 discs prepared were subjected to an air abrasion procedure with 50μm Al2O3 particles at low pressure 2 bar1 for 10 seconds, using a sandblasting device (JNBP-2, Jianian Futong Medical Equipment Co. Ltd., Tianjin, China) followed by rinsing for 3 minutes with distilled water in an ultrasonic cleaner device and drying with an air syringe. Then the samples were assigned to three groups (n=10). The inner surfaces of the ceramic samples, after this stage, were considered as the controls in the group I with no application of the primer. In the group II, the ceramic samples were prepared with All-Bond Universal (Bisco, USA) primer; in the group III, they were prepared with Z-Prime Plus (Bisco, USA) primer. Experimental materials and their characteristics were showed in [Table 1](#T1){ref-type="table"}. For preparation of the composite resin cylinders, first acrylic resin blocks, measuring 2×3cm and 1cm in thickness, were prepared and then cylindrical cavities were prepared at their center, measuring 6mm in diameter and 3mm in depth. Then, Z350XT composite resin was placed in the cavities in two 1.5mm layers using the incremental technique and each layer was light-cured for 40 seconds using an LED light-curing unit (Demi Plus, Kerr, Switzerland) at a light intensity of 1200mw/ cm2 and a wavelength of 470nm. In the group I, the ceramic samples were prepared without the application of primer, considered as the control group. The ceramic samples in the group II were prepared using All-Bond Universal primer. The primer was used in two separate layers with the use of a disposable microbrush for 10 seconds for each layer on the intaglio surface of the samples by scrubbing, followed by drying with an air syringe for 10 seconds and light-curing for 10 seconds. In the group III, Z-Prime Plus primer was applied in two layers by a disposable microbrush to the intaglio surface of the samples in order to wet the bonding surface homogeneously, followed by drying with an air syringe for 5 seconds. The ceramic samples in each group (6mm× 2mm) were cemented to the composite resin cylinders (6mm×3mm) with Variolink N (Ivoclar, Vivadent) resin cement. The base and catalyst of the cement were carefully mixed on a paper pad with the use of a spatula at a ratio of 1:1. The cement was placed on the intaglio surfaces of the ceramics, which were bonded to the mounted composite resin cylinders with light pressure for a few seconds. Extra cement was removed with disposable microbrush and light cured for 40 seconds from the top surface. All specimens were stored in distilled water at 37ºC for 24 hours in an incubator (ES 250 Nuve, Turkey), individually for each group. Subsequently, the prepared samples underwent shear bond strength tests in a universal testing machine (Zwick/Roell Zo20 Germany), using the knife-edge blade of the machine at a crosshead speed of 1mm/minute until fracture occurred.\[[@ref4],[@ref9],[@ref17],[@ref28]\] Then the mean values of fracture (MPa) were recorded.

###### 

Experimental materials and their characteristics

  Material                                                                                                                  Composition                                                                                                 Manufacturer
  ------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------- -----------------------------------------
  Zirconia ceramic                                                                                                          ZrO~2~%+HfO~2~\>90%,Y~2~O~3~\<10%Al~2~O~3~\<0.1%,other oxide\<0.005%                                        DDcube X^2^, Dental Direct
  Materials, Germany                                                                                                                                                                                                                    
  Z-Prime Plus                                                                                                              BPDM, HEMA, ethanol, MDP                                                                                    Bisco Inc., Schaumburg, IL
  All-Bond Universal                                                                                                        HEMA, ethanol, MDP,Bis-GMA,water,initiator                                                                  Bisco Inc., Schaumburg, IL
  Variolink N                                                                                                               Bis-GMA, UDMA, TEGDMA, Bis-EMA(6), PEGDMA, silica filler, zirconia filler, zirconia/silica cluster filler   Ivoclar Vivadent, Schaan, Liechtenstein
  Barium glass, ytterbiumtrifluoride, Ba-Al-fluorosilicate glass, spheroidmixed oxide, initiators, stabilizers , pigments                                                                                                               
  Z350XT (Dentin A1)                                                                                                        Bis-GMA, UDMA, TEGDMA, Bis-EMA(6), PEGDMA, silica filler, zirconia filler, zirconia/silica cluster filler   3M ESPS, USA

Data were analyzed with one-way ANOVA, followed by post hoc Tukey tests using SPSS 22 (*pl*\< 0.05). The failure modes (adhesive, cohesive and mixed) were evaluated under a stereomicroscope (BS-3060C, China) at magnification of 40×. These failure modes are classified as cohesive failure that is referred to a complete fracture within the ceramic or within the composite resin, adhesive failure which means fracture between the ceramic (or composite resin) and resin cement, and finally mixed fracture which indicates fracture involving at least two materials.\[[@ref20]\]

After fractures occurred, two samples from each group were randomly selected and were mounted for gold- sputtered aluminum plates on a device (EMITEC-H, K450X, England) then the samples were evaluate under a scanning electron microscopy (VEGA11, TESCA-M, Czech Republic) at different magnification (from 500× to 3000×) and a high voltage of 15KV.

Results {#sec1-3}
=======

The means and standard deviations for shear bond strength (MPa) for all the groups are presented in [Table 2](#T2){ref-type="table"}.

###### 

Mean Shear bond strength Values (MPa) and Standard Deviation (SD)

  Group   n    Mean Shear bond Strength ± SD
  ------- ---- -------------------------------
  I       10   7.57± 1.62^A^
  II      10   17.51± 1.34^B^
  III     10   22.45±3.60^C^

Different letters show that mean shear bond strength were statistically different, Tukey HSD test

One- way ANOVA showed that the interaction between two different primers and zirconia ceramic was statistically significant than the control groups (*pl*\< 0.001). The use of both primers after air-abrasion was more effectiveness than the control group (*pl*\< 0.001) ([Figure 1](#JDS-19-48-g001.tif){ref-type="fig"}).

![Mean shear bond strength values (MPa) in all groups according to different MDP-containing primers](JDS-19-48-g001){#JDS-19-48-g001.tif}

HSD Tukey test showed statistically significant differences between the two primers (*pl*\< 0.002). The Z- Prime Plus treatment yielded the best results and the bond strength values were significantly higher than the All-Bond group (*pl*\< 0.002). Multiple comparisons for all the tested groups are presented in [Table 3](#T3){ref-type="table"}.

###### 

Multiple Comparisons for all tested groups with Tukey HSD test

  Multiple comparison (*p* Values)   
  ---------------------------------- ----------------
  Group I vs II                      (*pl*\< 00.01)
  Group I vs III                     (*pl*\< 00.01)
  Group II vs III                    (*pl*\< 0.002)

The mean difference is significant at the 0.05 level

The distribution of failure modes in all the groups are presented in [Figure 2](#JDS-19-48-g002.tif){ref-type="fig"}. All the failure at the zirconia surface in the control group (I) were adhesive failures. In contrast, when primers were used for treatment, mixed failure modes occurred (50% in the group II and 40% in the group III). The results exhibited a high percentage of adhesive failures in Z-Prime Plus group (60%), with 40% of mixed failures. In the All-Bond group, adhesive and mixed failures were equal (50%). No cohesive failures were observed in the all groups.

![Failure mode distributions in all groups (%)](JDS-19-48-g002){#JDS-19-48-g002.tif}

The SEM images of zirconia surfaces in all the groups are presented in [Figure 3](#JDS-19-48-g003.tif){ref-type="fig"}. The relative degree of the remaining resin cement could be seen. In addition, the specimens treated with MDP-containing primers exhibited mixed failures and a characteristic corrugation appearance ([Figure 4](#JDS-19-48-g004.tif){ref-type="fig"}).

![Scanning electron micrographs (500× to 3000× original magnification) of zirconia ceramic specimens: a ,b, c: control surface without any primer treatment ; air-abraded surface of zirconia with 50 μm Al~2~O~3~ in fig c; d, e, f: surface treatment with Z-Prime Plus; g, h, i: surface treatment with All-Bond Universal. The relative degree of the resin cement remaining can be seen in fig d-i.](JDS-19-48-g003){#JDS-19-48-g003.tif}

![Scanning electron micrographs (500× to 3000× original magnification) of zirconia ceramic specimens under mixed failures in groups of II and III. It is notable a unique corrugated appearance.](JDS-19-48-g004){#JDS-19-48-g004.tif}

Discussion {#sec1-4}
==========

The high bond strength between the zirconia ceramic and resin cements can be one of the main reasons for the clinical success of the restoration.1 Based on the results of past studies, one of the most commonly used tests for assessment the bond strength is the shear-bond strength test;\[[@ref5],[@ref15]\] thus in the present study, the effects of different MDP-primers on zirconia ceramic were evaluated with shear bond strength test. The trimming technique of specimens that is required for the tensile tests is time-consuming and it is expected to cause adhesive defects. It might stress the zirconia interface and affect the bond strength values\[[@ref20],[@ref29]\] but the shear test does not require trimming the samples and is simpler to carry out than the tensile test; however, the shear bond strength has been questioned for nonhomogeneous stress distribution at the interface.\[[@ref29]\]

In the present study, all the specimens were subjected to an air-abrasion procedure because various studies have shown that this mechanical surface treatment improves bond strength between the resin and zirconia ceramic by increasing the bonding surface area, surface roughness and wettability, thus resulting in the flow of the resin cement onto the zirconia surfaces.\[[@ref8]-[@ref9],[@ref30]\] In addition, this procedure removes organic contaminants from the zirconia surface for chemical bonding\[[@ref5],[@ref8]\] However, some studies have reported that air-abrasion process can produce micro cracks in zirconia and influence the properties of zirconia negatively;\[[@ref9],[@ref20]\] therefore, researchers have recommended that the zirconia ceramic should be air- abraded at low pressure with small particle sizes of aluminum oxide.\[[@ref7],[@ref20]\] As a result, in the current study, the zirconia discs were air-abraded at a low pressure of 2 bar, using a powder with a particle size of 50μm to avoid surface damage. It has been reported that the air-abrasion process is a crucial factor for improving bond strength to zirconia ceramic but it has a limited and insufficient effect. The best adhesion to zirconia ceramic can be acquired by using primers containing a phosphate-based functional monomer, especially 10-MDP; \[[@ref12]-[@ref13],[@ref15],[@ref20],[@ref31]\] therefore in the present study, both of the primers were tested contained MDP monomer but it seems they are not equally effective.\[[@ref20]\] According to the result of this study, both Z-Prime Plus and All-Bond Universal primers showed significantly higher bond strength than the control group (with no primer application). However, Z-Prime Plus treatment exhibited the highest bond strength and significantly higher bond strength values than All-Bond Universal treatment because Z-Prime Plus contains conventional MDP and carboxylic monomers that can interact with the layer of the zirconia oxide at the interface chemically. \[[@ref32]\] The interfacial forces might improve the wettability and chemical bonding to zirconia ceramics; increasing the interlocking between the resin cement and zirconia surfaces. \[[@ref9],[@ref32]\] In addition, MDP has an amphiphilic construction; the vinyl group, as the hydrophobic end, can copolymerize with the resin monomer and the phosphate group as the hydrophilic end can interact with the hydroxyl groups on the zirconia surface, improving the chemical affinity. \[[@ref10],[@ref33]\] It seems that the synergistic effect between acidic MDP and carboxylic monomer is the most likely reason for having the highest bond strength values. \[[@ref17]\] Z-Prime Plus was compatible with many resin cements, too.\[[@ref5]\]

The results of several previous studies were similar to those of the present study. \[[@ref5]-[@ref6],[@ref12],[@ref14],[@ref26]\] Magne *et al*.\[[@ref31]\] showed that the Z-Prime Plus treatment increased the shear bond strength to zirconia ceramic with different resin-based cements. Similar results were reported by Zandparsa *et al*. \[[@ref12]\] and Shine *et al*.;\[[@ref13]\] the combined use of Z-Prime Plus primer and air- abrasion improved the bond strength of zirconia ceramic. In addition, Yi and *et al*. \[[@ref32]\] reported that the Z-Prime Plus treatment after air-abrasion process produced the highest, the strongest and the most durable bond strength between zirconia ceramic and resin cements, followed by Monobond Plus and silane primer treatment after cojet, consistent with the results of the present study. However, according to a study by Inokoshi *et al*.,\[[@ref20]\] pre-treatment of zirconia with Clearfil Ceramic Primer or Monobond Plus yielded the best results; they explained that these primers contained silane monomer and low bonding values were registered for Z-Prime Plus, in contrast to the results of the present study. The bond strength values that they recorded for Z-Prime Plus were somewhat unexpected and were inconsistent with the more acceptable bond strength by other researchers, which they had also mentioned. They prepared micro-specimens for tensile test and assigned random values of 0 and 10 MPa for pretesting failure of samples. This might have affected the bond strength values in their study.\[[@ref20]\] Kim *et al*.\[[@ref15]\] reported that the silane could not contribute to chemical bonding to zirconia ceramic because there is no silica in the zirconia structure. In addition, they found that the All-Bond Universal and Single-Bond Universal adhesive exhibit significantly higher bond strength than the primers containing conventional MDP.\[[@ref15]\] That is in contrast to the results of the present study; however, they used the Alloy Primer as a conventional MDP-containing primer, in contract to Alloy Primer that contains 6-(4-vinyl benzyl-n-propyl amino)-1, 3, 5-trazoine-2, 4-dithione (VBATDT) and acetone solvent. This monomer contains sulfur and, it was selected to promote the adhesion to noble and base metal alloys greatly. \[[@ref15],[@ref32]\] In the current study, the Z-Prim Plus containing ethanol and two adhesive monomers (carboxylate and MDP) were used as a conventional MPD-containing primer. It was in contrast with the present study.

The dual-resin cement (Variolink N) that has no MDP monomer was used in this study as a control to differentiate the effects of conventional and universal MDP in surface conditioning primers. In addition, nanofilled composite resin was used since surface characteristics of core material are imperative factors for the high bond strength between composite resin core and resin cements.\[[@ref2]\] In addition, nanoparticles in this composite resin decreased the polymerization shrinkage and increased the mechanical properties such as Vickers microhardness, static and dynamic of modulus of elasticity.\[[@ref23]\] In shearbond strength tests, the large mismatch between the elastic modulus of composite cylinder and elastic modulus of zirconia, as a substrate, resulted in concentration of the high stresses at the interface and decreased the bond strength values. \[[@ref34]\] With the use of the nanofilled composite resin in this study, it seems that the mismatch of modulus of elasticity between the two substrates (composite resin and zirconia) decreased and more real bond strength values were achieved.

In the present study, the failure modes of the experimental groups were evaluated under a stereomicroscope. In the control group (I), with the lowest bond strength values, only adhesive failures were found, whereas in groups II and III, with higher bond strength values due to primer treatments, mixed failure modes were also observed. These results were typically explained in the literature.\[[@ref4],[@ref17]-[@ref18]\] Cohesive failures within the zirconia specimens did not occur, which is one of the most important advantages for zirconia restorations because the intraoral repair of zirconia restorations is difficult and adequate bond cannot be achieved to repair zirconia with composite resin.\[[@ref17]\]

In addition, SEM observations in the groups that MDP-containing primers were used showed mixed fractures (predominantly in the composite resin), a corrugated fracture appearance, and thick layers of primer. This may be explained by the strong adhesion phenomenon with zirconia surfaces and confirm the results of shear bond strength tests. While in the representative SEM images of the control group, only adhesive failures were observed. They were more from interfacial type due to the weak bond obtained; moreover, air-abraded surfaces of zirconia ceramic could be seen. These results were similar to those of previous. \[[@ref3],[@ref11],[@ref32]\]

Despite the limitations in this study, it seems that both MDP-containing primers (All-Band Universal and Z-Prime Plus) might be appropriate to bond with zirconia ceramic, mainly after air-abrasion process; however, for evaluating their long-term effects further studies are necessary. In addition, due to the presence of different environments in the oral cavity such as saliva, temperature and pH level changes that might considerably affect the bond strength between the zirconia ceramic, resin cement and composite resin, further studies are required to evaluate these parameters.

Conclusion {#sec1-5}
==========

Under the limitations of this study, it can be concluded that the bond strength between zirconia ceramic, composite resin and resin cement was affected by the chemical surface treatment. Treatment with both primers (Z-Prime Plus, All-Bond Universal) resulted in higher bond strength than the control group (without any primer). Treatment by Z-Prime Plus can be used effectively to promote adhesion to zirconia ceramic because it resulted in a higher bond strength than the universal MDP-containing adhesive (All-Bond Universal) after air-abrasion process.

All the failures at the zirconia surface in the control group were adhesive failures while use of MDP-containing primers resulted in mixed failure modes.
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